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SUMMARY 

This report describes a program for the numerical solution 
by an explicit finite difference technique of the momentum, 
species conservation, and energy equations for an equilibrium or 
chemically reacting air boundary layer.  Laminar and several 
turbulent viscosity models can be applied through the thickness 
of the boundary layer.  Seven air species are included:  02; 0, 
N2, N, NO, N0+ and e". 

Laminar and turbulent effects in any of the equations can 
be selectively controlled by input indicators.  The various 
viscosity models can be applied to the entire thickness of the 
boundary layer or the boundary layer can be divided into two 
segments and different viscosity models applied to each segment. 
Provision has also been made for boundary layer swallowing of 
new inviscid streamlines.  Properties along the inviscid stream- 
line are computed to establish the varying streamwise outer edge 
conditions. 
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PART II;  COMPUTER PROGRAM AND SUPPLEMENT 

(FINAL REPORT) 
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L. S. Galowin 

I.   INTRODUCTION 

This program is written in FORTRAN II language for the 

IBM 7090-4.  It solves the non-equilibrium and equilibrium air 

boundary layer conservation equations for momentum, energy and 

species mass fractions.  These parabolic partial differential 

equations are solved in the domain defined by the body surface 

and the inviscid edge of the boundary layer.  The technique of 

solution is an explicit finite difference method.  The boundary 

conditions at the body are specified as input data but those at 

the inviscid outer edge are not known a priori and are therefore 

computed as the calculation progresses.  Edge conditions are 

determined from the solution of ordinary differential equations 



which yield the velocity and species along an approximate 

inviscid streamline from the shock to the body station of 

interest.  Initial conditions to start the problem require the 

distributions of the dependent variables of velocity, total 

enthalpy, and species mass fractions. 

A number of significant capabilities are provided by the 

program.  The multicomponent air species considered are Oa, 0, 

N3, N, NO, NO and e~.  Laminar and several turbulent viscosity 

representations may be optionally selected for the diffusional 

transport terms applied to any of the partial differential 

equations.  The boundary layer thickness can be divided into 

two segments and different viscosity models applied to ea'-h of 

the segments.  Various two-dimensional or axisymmetric body 

geometrical configurations are possible.  Similarly, shock shapes 

consisting of conical and parabolic segments are acceptable. 

Input tolerances upon the slope at the outer edge of the enthalpy, 

velocity or species profiles govern the boundary layer swallowing 

which results from the growth of the viscous layer into the 

inviscid flow. 

The program described herein is based upon the analysis 

reported in Part I„  The engineering definitions and the prepara- 

tion of input data for application of the program to given boundary 



layer problems are discussed in the Part III manual. 

Typical hypersonic reentry body configurations have been 

investigated,  computer time required for their solution ranges 

from 3/4 to 4 hours, depending on body length, altitude, free 

stream velocities and mode of computation. 



II.  BOUNDARY .LAYER EQUATIONS 

In this section the explicit finite difference method solu- 

tion of the boundary layer conservation equations is described. 

A.  coordinate Systems 

The program continuously calculates in four different 

coordinate systems.  Thus for the permissible body and shock 

geometry configurations, the following systems shown in the 

sketch below are defined: 

1. Overall - a basic reference system designated as 

Ci, Cs•  The units of these coordinates are feet. 

2. Physical - an x-y system where x, in feet, is along 

the body and y, in feet, is normal to the body. 

3. Body and von Mises stream function - an x-^ system 

in which the finite difference solutions will be 

solved, where x, in feet, is along the body and * 

is the transformed normal coordinate and represents 

rY   € 
the stream function defined by ^ =  pur dy.  For 

o 
€ = 1, ^ is in slugs/sec; for € = 0, * is in 

slugs/ft-sees.  The sketch below shows the grid in 

the x-^ plane with the paths of the numerical step 

indicated- 



4.  Inviscid streamline - a fourth system is a one- 

dimensional coordinate, s, along the (approximate 

inviscid) streamline.  The origin of this coor- 

dinate system is the shock streamtube intersection 

point. 

*- CJ 

Coordinate Systems for a Blunt Body 

0 

n+1 

n 

n-1 

rtPTT m mTT ■*-  x 

Finite Difference Grid 



B.  Momentum Equation 

1.  Analytic form 

5u 1    dp   ,      c _ST 
öx "      pu dx       r    d^ 

ÖU € 
T = M ä*Pur 

2.  Finite difference form 

Ax /dpi   Ax c 
u     = u   _   —c  + — r 
m+l,n   mjn  p  u Idx/   A^ m 

m,n m,n m ^^+1/2 'm#n-l/2| 
-T 

Note;  Near the wall a series solution has been 

assumed since u -^ 0.  The expressions used are; 

h 
u = ai * + bi * 

h 
c. =c.  +a. ■*+b. * 
ill.     i 

w 3        -"-S 

H = H  + aaW2 + ba* 
w 

pu = a4^
2 + b** 

Using the variables evaluated at A* and 2A>If
/ the 

a 's and b 's are determined.  Thus from the 
n       n 

A* 
series solution the values at — required m the 



finite difference solution of the momentum, 

species and energy equations are then 

evaluated. 

3.     The difference  in  shear  stress 

AT= 

(purM            +(pur  ) 
 m,n+1  D1/J2 » m^+l    m, n 

^^^+1/2 

u n-u 
mfn+l    n^n 

"(pur€)       +(pur€) ' 
 m, n m, n-1 

-L/   L     +  L ] 
1 l^m^ ^m,n-l/   ..T_T 

2 Alßm,n~l/2 

a       -u T 
m,n    m/n-l 

A* 

4.     Viscosity models 

a.     Laminar    ß 
3.04566  x  10"8T1*5 

 itwn 
m,n 110.333+ T 

m,n 

—T T  Tl T  T2 T  T3 T  T4 
b.     Turbulent     ß    = Bi ß       + Bzß       + B3ß       + B+ß 

T  T5 T  T6 T  T7 
+ B& ß      + Be ß      + B7 ß      where the B' s  are 

Ti 
input coefficients  and the  ß      are defined as 

toiiows: 
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i.     Law of the wall - dimensional coordinate,   y 

m = < Y        + 
/n+l/2    |    m,n 

I 
A« .375   __ + _   .125 

j:pur  ) (pur  ) v m, n m,n+2r 

(PK)3{ 3 |   in,n+l    m,n 
) 

(pur6)            +(pur€) 
 m, n+1 ni/n 

u . -u 
nil n-f 1    m, n 

A« 

Tl 
^^-1/2"^ Y        - A* m, n 

.125 .375 

(pur  ) .        (pur  ) 
^ m,n-l m,n 

>   (FK)2{ 
P       +P a f m,n    m/n+ll 

(pur€)       +(pur€) 
 m, n m, n-i 

u       -u n xa,n.    ni/n-l 
A* 

ii.     Law of the wake -  dimensional coordinate,   y 

T2 
^^+1/2 

rP ,  1 +P .       rK Ll +K f mtn-fl    m,nl   f m,n+l    m,nl    . . 
t 2 J    I 2       '   J    ^e^^ m 

M, 
T2 
m,n-l/2 

m,n vm,n-ll   f nyn   mji^li 
2 J  1       2 ^   eUe;m 

where K(N)   is  an   input  function of  * 

K(N)   =  a  + b* +  c^ 
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iii.     Laminar contribution 

T3 ., ^ /  L L         1 
^+1/2 = 1/2 K,n + ^m,n+i; 

T3 , /^ /  L L         1 
m,n-i/2 1.^111, n m,n-iJ 

iv.  Eddy viscosity fit - dimensional coordinate, y 

T4 
^m,n+l/2 = e m 

/  Y   +A* 
.375 .125 \ 

.14 - .08  1- 

m,n    .   c,      ,   €. 1 (pur )      (pur )     / 
 m, n m, n+1 > 

(Y ) em 

—i \ 

- .06 I 1- 

Y  +m        -375   +  a25_ 

'"■n  l(Pure)1T,n  (Purc)mn+1  m, n m, n+ii 

e m 

r^m n+Pm r,4.1^  T ^Ur  ^ m „4-1 + ^Ur  L n. f m,n m, n+1^ j my n+l my n^ 
I     2     J I 2        J 

u   . ,-u m,n+l m^ 
A* 
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T4 
Mm,n-l/2 e m 

.14 -   .08 \ 1- 

Y       -A* ^  +  -^l*- 
m'n ^Ur€>m n   1        ^€K  n  111,11-1 m,!! 

/ 

Y      -A*| 
ra,n 

-   .06 \ 1- 

.125 + .375     \\ 

(pur€) .        (pur€) ) 

e m / 

rP      +P i.   ,(pur€)       +(pur€) . u       -u 

A* 

v.     Law of the wall -  streamline coordinate,   ^ 

T5 
Mm,n+l/2 

A* 
n     2  , 

FK 

Pur 
e e     /m' 

P +P 
niin+l    m.n 

(Pur€) 
m, n+1 

+(pur*) 
m#n 

u       ,   -u 
m^+l    mtn 

A^ 

T5 
m,n-l/2 n     2 

FK 

pur , 
\ e e     ivcr 

P       +P my n    m,n-i 
■(pur€)       +(purC) ' 
 ig, n m, n-l 

u       -u . 

A* 
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vi.  Law of the wake - streamline coordinate, w 

T6 
m,n+l/2 

' mtn+l mJn [ n+1 n 
* 

e  m 

T6 
m^-l^ 

fp  +p   .\ /K +K  ,, 
m,n in,n-H  n n-1 

* 

e  m 

vii.  Eddy viscosity fit - streamline coordinate, ^ 

T7 
^m,n+l/2 

* 

= 
(P u r") x e e  'm 

14-.08  1- 
n  2 

- .06  1- 

^ + __ 
n  2 

{ 
m,n+i m,ni f m, n+l m,n 

I 2 

u   , . -u 
m,n+l m,n 

A* 

zT7 

m,n-l/2 

* 

(P u r") 
e e  m 

_ \ 

* 
A* 

14 - . 08  1~ 
n  2 

- .06  1- 

,  A* ^ _ _. 
n  2 

{ 
P   +P    •, m,n m,n-.l 

2     J I 

(pur€)  ri+(pur ) 
m, n m, n-1 

u  -u   , 
in., n. m, n-1 

Ai 
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5.  Boundary layer swallowing and 
expansion of the boundary layer 

An input number €  is used as a test value for 
u 

calling a new inviscid streamline and to increment 

the * grid.  Two options are available ba^ed upon the 

value of € .  If 6 = 0, the streamline test is not u      u 

made.  If c  is set as any positive number (used as 

the tolerance), the test 

u  .(L+l)-u  .(L-l) 
m+1      m+1 

Vi(L+1) 
U 

is made.  If the test fails, a new streamline is 

computed/ or constant edge conditions are carried 

over-  When the incremented expansion of the * grid 
Um(L-J) 

is called for then set u  . (L-J) =  rz—TT u  -■ (IJ+2), m+1       u (L-l)  m+1 
m 

for J = 2, 3, 4, and u  .. (L-i) = u  n (L+2) . 
m-t-i        m+i 

6.  Boundary conditions 

a»  Initial distributions - an input velocity profile 

vs. physical coordinates. 

b. Inner value at the wall - u = 0. 

c. Outer edge - velocity at the outer edge is 

obtained from the finite difference equation 

of "B" or the inviscid streamline solution of 

du    1 dp     j.i     .,. u -r- = - T ~r7 accordingly as the momentum, specxes as    p as 
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or enthalpy slope tests are satisfied or not 

(see Sv^sections II.B.5, II.C.5, II.D.5 for 

formulation of tests). 

d.  Inviscid streamlines - two inviscid streamlines 

external to the boundary layer which represent 

the locally uniform (assuh.ed) external flow are 

always computed. 

c•  Species Equation 

1.  Analytic form 

he.       w.Ag      ^.^ 
—1 = -^- + r€ ^    i = 1 2 
äx    pu      öw 

Finite difference form 

A x (w. )  As   A /  \       /  \    ,     i m,n       , Ax  c (c . )  .,   = (c .)   +  .-—:  - + -rr ^ 
i m+l,n    i m,n     (pu)       A>ir  m,n 

m, n 
m/n+l/2   m/n-l/2. 

See Section 11.3.2 for note reg- -ding solution near 

the wall. 
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3.     The  species diffusion  terms are given by; 

A^ = 1/2 < 
(purC) +(pur€) 
 m, n+1 m, n 

><A3L ki 

s  D     / .1 c m,n+1 

Iß D. 

+ te 

ki 
L 

c        'm,n 
/   v 

T_T 
+  ^^^4-1/2 

_1_    ki ' 

\S     D      /       ^1 c 'm,n+l 

1      Dki 
^T     T 
S     D 

c 'm,n 

{c.)m n,1-(c.)m n 

A* ) 

-  1/2 < 
(pur€)       +(pure) 
 niy n m, n-i 

1 / 

A? 
L   \ /           L 

ü_ Jii +     ü_ Jii 
L     L   / L     L 

S     D     / \S     D      , 

T-T 
rm/n-j,/2 

JL_    ki 

S     D 
c 'ni/n 

1    Dv\ 1      ki 
T     T 

S     Dl    I ^ 
c in,n-l 

; 

(C.) -(C.) ! 

A* 

4.  Chemistry production terms 

a=  Formulation 

^.(^x) = wi(T/p,Ci), X        A. /   £  m    m    m    / 



w = a 
'08 L 

M 
-  A  +  D 

«NC 

w 
o        L 

M M 
A +    (C-D-E)   - rr-2- F 

M. 
NO 

M. 
NO + 

w. 
N2 

P 
L 

M 

NO 

P w    = — 
N        L B  + —   (C+D+E)   -  —^ F 

ITC NO"1" 

w. 
NO       L 

-C-D+E-K 

w. 
N0+        L 

F+K 

v^ 
n      M 
P       e 

e~       L M, ^ [F+Kl 
where 

15 

A   = 
2L 

c. 
^11 S .,     K P 
:   M.      ra 1     i 

P<3oC02e 

D02/KT 

-pco 9.6573302 x10 39 
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2L c. 
•j   M.      rb 

-D    /KT 
P^  C     e    N2       -pc3 

9.6573302x 103B 

C 

Vo 
c, " 

^M1" K     P 
l  M. re 

i 
PdNOCNOe 

-DNO/KT 

"  PCNC0 9.6573302x 102B 

n        ^0 
D   = TTTT— K    ,P 

MNM02     rd 
CT  C T^C^e 

NO  0 

DtlO-D02 
KT 

"   C02CN 3.1076201 xlO33 

E   = 
re 

K 
N 

D     -D 
N2   "NO 

KT 
y  CN2COä c   c 

NO  N 3.1076201 xlO23 

p       IKrf 
F . -T- p 

e 
K  C0CNe 

INC  DNO 
KT 

"   (CNO+)Ce 3.1076201x 1023 

K = 
M 

c, " 
1 i s K , p 

1 M. 
i 

rK PdeCNOe       " P(CNO+)Ce 9.6573302 x102B 

Set 

ETT 228 = 5 + 3 e-228/T + e'
32^ 

ET 178 =l+e 178/T 
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ET   2274  =   1  -  e 
-2274/T 

ET  2740  =  1  -  e 
-2740/T 

ET  3395  =  1  -  e 
-3395/T 

ET   1130  =  3   +  2   e 
-11300/T 

Then 

0     .       T,m.^2   f4.161 r^  = —a"   (TTm.KT)   
aO       zrin ü IT, 

(ET  2274) iETT228)    I   3.87871 XIO"11 

ET  1130 

8MN % 
er       = —s-   (TTm KT) 

dN       T7h N 
P 

5-: 789      (ET  3395)   3.87871x lo"11 

M 3/   IM 
o 3/2 IN 
 (2inn KT) 

*/3 

dNO       rjhp 0 M, 
NO 

^'-^PiHi    3.B7871XX0- 

8/a 

er = 
IM   M 

02  N 

NO  0 

4.906 
4.161 

ET   2740 \ 

ET   2274 
ET   1130 

ETT   228   ET   178 

y = 16 
M    M 

NO N 
lM    M 
'^2   0 

,5/3 

5. 789 
4.906 

ET  3395 
ET  2740 

ET   178 
ETT  228 
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K = 
N0+   € 

N 0 

.Vg 

5.789, ET 3395 ETT 228| 

de 

M {2irm  KT) 
e e 

3/2 

(.4237) 
ET 2740 
ET 3395 ET 178 

3.87871x 10 lX 

b.  Input A2 = 1 for reacting system 

= 0 for frozen system; bypass all w. 

= - 1 for equilibrium system. 

= 10 for reacting system with equi- 
librium at the wall 

5.  Equilibrium mass action laws 

As indicated in II.C.4.b, an input of -1 for 

A2, activates the logic for obtaining the species 

from the following equilibrium relationships: 

908,19 T 
B/2 

11391 

Cm+1
(03) 

1 
+ 3 e 

18985 

2274 

A2 (2.773X 10 15 ) 

P  1-e 
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cm+l
(0)   = 

2237   T 
^2 

^   228 

T 
11.6  e +   .2  e 

326 \ 
T 

29501 
-9 

e A(l.386x10     ) 

Cm+1(N3) 
178.39  T SB2(2.428 x10  15 ) 

' 3395 \ 

p  \ 1-e 

3/2 
1462  T      (3.5)      e 

27698 
T 

41520 \ 56544 

Cm+1(N) 

+ |e 
T       B(1.214x 10' 

Cm+l(
N0) 

8/s 
934.14  T      I 1-e 

178 
T 

11063 
T          -15 

ÄB(2.6xl0        ) 
' „   2740 

1-e 

%+i
(N0+) =233-9 

1597 xlO  ^T  e 

32125 
T 

Cm+1(0)   Cm+1(N) 

3395 128 

1-e        T     /ll.6e       T     +.2e 

326 
T 

m+1 (233.9) 
Cm+1(NO+) 
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A and B are obtained from an iteration pro- 

cedure which is satisfied when two successive 

values of B agree to within -■ %. 

The iteration procedure is initiated with B = 0 

and then the following calculations take place in 

the sequence shown: 

BT = 

3/2 
\2237 T  B4 e 

29501 

B I 934.14 T E4 e 

11063 1 

10 
-1 8 

E3 

AC = 
(908.19 T 5)B1P(1338.7 x 10 1S) 

Ei 

A = 
( -BT/ (BT)2+AC  Ei 

(908.19 TB/2Bi) (4 xl0~1S) 

56544 \ 

BT = 
1461.9 T  Be e 

B/8 
A\ 934.14 T E4 e 

11063 \ 
T jio"18 

AC = 

5/3 -1 s 

(178.39 T  )p(5060.8 x10   ) 

1-BT+7 (BT)3+AC /I -BT+ 7(BT) +AC /Ea 
B =   •   ■  5/2 

(178.39 T ") (4 xlO X2) 



21 

where 
11390     ^ 18984 

5  '   T    1     T 
Bx = 3 e       +1 e 

228        326 
T T 

B4 = 1.6 e     + .2 e 

__ 27698 41520 
T T 

B5 = 3.5 e       + 1.5 e 

2274 
T 

Ex = 1 - e 

_ 3395 
T 

E2 = 1 - e 

„ 2740 

T 
E3 = 1 - e 

„ 178 

T 
£4=1-8 

6»  Boundary layer swallowing and expansion 
of the boundary layer 

An input number €  is used as a test value 
c 

for calling a new inviscid streamline and to incre- 

ment the * grid.  Two options r.ue available based 

upon the value of € .  If e  =0, the streamline 
c      c 

test is made.  If e  is set as any positive number 

(used as the tolerance) the test 
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s: c 

i=l,... 7 

is made.  If the test fails, a new streamline is 

computed, or constant edge conditions are carried 

over.  When the incremented expansion of the ^ 

grid is called for then set c  -(L-J) 
/T -.-x m+1 c (L-J) 

m 
= c T^Ti) c

m+i
(L+2)' for J = 2, 3, 4 and 

m 

c , , (L-l) = c  . (LH-2) . 
m+lv   '    m+lv   ' 

7.  Boundary conditions 

a.  Initial - C.(y) profiles are input for all spe- 

cies except Ns and e~, which are computed from; 

M 

MN0+ 
C(NO+) 

c^ (N) = 1 - S C. i ^ N3 

x 
b.  Wall - cm+1(l) = Ci (I) + C3 (I) — + Ca (I) 

x 
Rn 

+ C4(I) 
x 
Rn 

+ Cß (I) 
Rni 

where the Ci through 

CB are input for each specie except e" 
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c. Outer edge - Species at the outer edge are 

obtained from the finite difference equation in 

Subsection II,C,2. or the inviscid solution of 
dc.   w. 

u ~— = — accordingly as the momentum, species 
ds    p 

or enthalpy slope tests are satisfied or not 

(see Subsections ii.B.5, II.C,5., II.D.5. for 

formulation of tests). 

d. Along the two external inviscid streamlines the 

species are obtained from the inviscid equation. 

D.  Energy Equation 

1.  Analytic form 

^ = r — (^ +   e ) 

2.     Finite difference foim 

H      = H    + r
€ ^1 (^H       _^H      ) 

m+^n   m,n   m A* vom,n+l/2  ^m,n-l/2' 

e Ax ,0C 
m A*  l'm,n+l/2   ^m^-l^ 

See Section II.B.2. for not? regarding solution near 

the wall. 

3.  The difference of enthalpy-kinetic energy terms C 

is given by: 
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N =  2 

UAVGl  = -r=. 
r_ 
A* 

s   / du PHUH N 
n     2   (Ua+Us) 

+ p u  - u 
% 3   '' 2 Jj 

UAVG2   = 
2A^ (P3UI+P3

U|) (u3-u3)   + ^3
ua (ua

+u3-2u^) 

SUMHL  =   2   S h, 

D v D v ki ki 

'h \ D 

dC. 
 i 

d* 

D D 
SUMHT   -   2   L h.     I   -~ + -f 

1     h\D2       Di 

RURN     =  2(pu)      r 

PARTH2   = -   (RURN) 
^  L        1 L     1 
AA U          +   

M P P r3 r! 

T 
T / ^/a 

+  2A4  ' 
dH 
d^ 

!..   L    L   L        1       A4     T 
A4(jLta+M       1- -7-    -5- U 

^   »        PL / /s 
1- 

r3'
J 

UAVGl 

PARTC2 
1 
8 

2- 
L 

1 
L 

J 

©1 
s s 

C3 Cx' 

L 

(RURN)   -£  JLt^   (SUMHL)   + 

1 
8 

2- 
T T 

L L 
e3 ei 

1 1 

S S 
CS Ci 

(RURN)   -7- /iT   (SUMHT) 
4       ^ 



N >  2 
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UAVGl  = 
2A^ 

p u*(u      -u     J + CP u^+p       u^     ) (u -u       ) 
n n    n+J.    n-i n n    n-1 n-i       n    n-i 

UAVG2   = m Vn(un+rVl) + (Pn+l
Un+l

+pnUn)(un+r
Un) 

D D 
SUMHL =   S   (h,   +h.        )   I -71 + -— 

1 n       n-1    \D D     n, 

 1 

d* 

D D         \  / dc 

SUMIIT  =   S   (h.   +h.         )   I -~ + -—-       -r- ■    v   1        1     n      I    T T          Id* 
1          n       n-1     \D D     , /  \ 

n n-1' 

RURN =  r   (p  u +p     , u     .) 
'  n  n    n-1 n-1 

PARTH2   = 7   (RURN) 
n-1 T 

+ A4 

n n-1 

Vi 

n-l 

dH + 

L 
A4    .   L     x 

T   ^n-l) 
rn-l' \ n 

1- UAVGl 

n 
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PARTC2   - T7   I 2-  —T 16   ! LL L. 
e e     . 

n n-1 

1 1 

c~ + ^— 
S S 

c c     n n n-1 

(RURN) 

AB    ,   L     L     v , v        1   / 1 

T ' Wi'(SUMHL) + i I2" ^5 
n n-1 

1 _1 

S S 
c c     .. 

n n-1 

(RURN)   -~  ß^   (SUMHT) 

A^ = 

\ 

(pur€)            +(pur€) 
 m,n+i  m,n 

A^ 

jt] Jit 
PL PL/ r/m,n+l   \  r/m,n 

r/m/n+l/2 
/    V 

H       .-n 
m,n+1    m,n 

A^ + 
(pur'')     ri+(pur   ) 
 m, n m, n+1 

)A4
L 

/    v 

L      / .        1 
+3JU 

r/m,n+1 i 
L 

r/m,n 

) \ 

+   A4 ^n+l/2l±"   pT 
r'm,n+l/2_ 

) UAVG2 - PARTH2 



4.     The energy transport due  to  species gradients £ 

is  given by: 
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^C  =A- 1_ 
16 

1- 

-\ e/m,n+l 

+     1- 

e/m,n J _'   c/m,n+l       \   c'm,n- 

iti/n+i m,n 
^L/   L ^   L      ^ 

Tatn+L    m,n 
T S  (h. +h.       ) 
4   ■        i L 1 iti/n+l       nijn . 

ki ^i 
L /    , \ L . 

D  /m,n+l \D  'm;n
J 

(C.)     -(C.)  " 
ijp/n-f 1 m, n 

A^ 4 
e'mjn+l l   e'm,n- 

T 
+ 

.T 
-\ c/m,n+l   \ c/m/n, 

(pur6)     +(pure) 
in,n+l      m,n 

T-T 
^^^-.-1/2 

h (h.    +h,   ) 
i   n  i 
m,n+l  m,n 

ki /n 
+ ki 

T |      IT. 
D  /m,n+l \D  /ni,n_ 

(C.)     -(C.)  - 

A^ -PARTC2 

5.  Boundary layer swallowing and expansion 
of the boundary layer 

An input number e  is used as a test value for 

calling a new inviscid streamline and to increment 

the ^ grid.  Two options are available based upon 

the value of c .  If €  =0, the streamline test is 
H       H 
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not made.  If €  is set to any positive number 
H 

(the tolerance) the test 

H
m+l(

L+1) 
^ € 

H 

is made.,  If the test fails, a new streamline is 

computed, or constant edge conditions are carried 

over» 

6.     Boundary conditions 

a.  Initial - an input enthalpy profile vs. physical 

coordinates 

Wall Hm+1  = HHl   + HHs f-\ +HH3 hr RnI I Rn 

x 
—       + HHB 
Rn 

+ Hid* 

HHB   are  input 

Rn 
where  the HHi   through 

c.     Outer  edge 

Enthalpy at the oute  edge is obtained from 

the finite difference equation in Subsection 

II„0.2. or set equal to the input free stream 

value accordingly as the momentum, species or 

enthalpy slope tests are satisfied or not (see 

Subsections II.B.S., II.CS., TI.D.5. for 

formulation of tests)„ 
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III.  INVISCID FLOW EQUATIONS 

A.  Governing Equations for One-Dimensional Streamlines 

1. Momentum 

du.        -  , 
mv      1  dp xx ——  = -  -  —i- 

mv  ds     p.   ds 
mv 

2. Species 

dc, 
i. mv __ _w__ 

inv  ds    p. mv 

3. Total enthalpy (energy) 

H = constant 

U . 
,      mv 

= h.   + —— 
mv    2 

B.  Tracing the Streamline from the Shock 

Reference:  NACA Report #1135 - "Equations, Tables and 
Charts for Compressible Flow 1953" 

1.  Intersection of streamline and shock, see sketch. 

^L 
P U TT 

OD  00 

h 
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where 

^ 

^L 
(2ff) y cos 9^ — 

r 
+ (2ff)^ 

0, = 90 - Ot,   for arc, ogive 

= 0, cylinder, flat plate 

= cone angle, cone 

a  = angle which the current point on the body and 
the coordinates of the center of the arc make 
with ^i axis, measured in a clockwise direction 
from Ci • 

D. V. 

WWW^ 

- Ci -*- t>l 

Coordinate Systems for a Blunt Body 
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2.  Conditions downstream of the shock 

a.  Following will be input 

stag 

h   1 h 
00     l 00 

needed for T = —- 
oo   c 

c   ! p 
P 

altitude 

y   (specific heat ratio) 

u-^,-,... ~ used for checking against calculated 
LOLIM     •  4.V      *- •        14.    i • u m the one-dimensional streamline 

equation in order to keep u > 0. 

b.  Following will be program set from input 

u = u(L) 

c.  = c(L,l) 
i 

00 

H  = H(L) 

c.     The program calculates 

u.,     =  1  - 
ds 

[4(M1
3   sinJ   e-l)(7M1

2   sin2   6+1)] 

[(y+1)3  Mi4   sin2   0] 
u 

J 
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where 
u 

Mi = — Mach # 
a 

00 

a = speed of sound = 49.9 vl.S T 
00 0 

h 
T  =  K oo    Q 

6 =  i-    shock wave makes with £l 

c. ,     =  c, 
ids i 

'ds 

27 Mj2   sin2   9  -   (7- 
y+ 1 *] 

d.     The program outputs: 

(a)  p ds 

(b) Uds 

(c) c ids 

3,  Completion of streamline calculation 

The program sets 

Um+1
<L) = Um+1

(L+1) = um+l
(L+2) 

^l^'1' = ^l'^1'1' = ^l1^2-1' 
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IV.  INPUTS 

Under this section the various input parameters are dis- 

cussed from a programming viewpoint; see Manual, Part III, for 

input data preparation.  In Subsection A through C, certain 

criticcl parameters are discussed, and in Subsection D the input 

definitions and card formats are specified.  Also included in 

the latter sections of this report is a sample problem which 

illustrates the nature of the inputs. 

A.  Body Geometry 

1.  Classification 

Bodies will be classified accordingly as the first 

geometrical region is: 

a. Blunted As ^0 

(a)  arc (hemispherical nose) 

b. Pointed As =0 

(a) cone 

(b) ogive 

(c) flat plate 

where As = standoff distance from shock to stagnation point of 

body along centerline (see IV.B.3). 
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2.  Subsequent geometric regions of the body 

The following geometrical descriptions for body 

sections are available: 

a.  arc 

cone 

c. 

d. 

cylinder 

ogive 

2 dimensional or axisymmetric 
) depending upon input €, (or EPSI in 

the input list, Subsection IV.D) 

e.  flat plate 

3.  Calculation of radius of the body and the ^ ,   ^3 
coordinates 

a.  For each region the program reads in 

(a)    INDP = pressure type       [ 1 = 

indicator { 2 = 

(see p. 39, Section C) 13 = 

cosine 

polynomial 

quotient 

(b) INDR = geometry indicator  f1 = arc 

2 = cone 

\ 3 = cylinder 

4 = ogive 

\5 = flat plate 

(c) INDLR = last subregion of   j 1 = yes 

last region indicator I 0 = no 
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(d) INDLSR = last subregion of any   ( 1 ^ yes 

region indicator       1 2 = no 

(e) OGIVE H 
(coordinates of center of arc 
with respect to Ci # Cs origin 

(f) p(J), J = 1,8, pressure coefficients 

(g) CC.(K), K = 1,5, C  T coefficients 

(h)  Rn = nose or reference base radius 

(i)  XL = cumulative upper -— limit of this 
, Rn 

subregion 

(j)  CONEAN = cone angle/2 (vertex semi-angle) 

B.  Shock Geometry 

1.  Description of the Shock 

The shock consists of up to 10 sections of the form: 

a. I^g = a Ci + t) straight line 
n     n 

b. Ci - a  = b (Cs-c )s   parabola 
n   n    n 

Type 6 is a parabola whose coefficients a , b and c  are specified 
n  n     n 

as input.  Type 7 is a parabola whose beginning and ending slopes 

and the £i projection of the end point of the geometrical shock 

region are specified as input. 



The present version of the program permits para- 

bolas to follow each other but they may not follow straight lines. 

2. Shock input is specified by giving 

a. Curve type 

b. Slope and cumulative Ci limit for a straight 
line 

c. Coefficients and cumulative Cx limit for a 
parabola or 

d. Beginning and ending slopes and cumulative 
^i limit 

3. Section 1 of the shock has optional provision (type 7) 

for internally computing and establish;! ag the shock 

Ci - a - b (Cs-c ) 
n   n    n 

with 

•5   1 a = c  = 0,       b =  r- -— 
n   n n   ..   As Rn 

1 + —— 
Rn 

where As= Rn (physical standoff distance).    is the 
p , str J Rn stag 

00 

dimensionless standoff distance. 

4„  The program has provision for specifying several shock 

shapes, e.g., conical, parabolic and normal.  Moreover optional 

modes for specifying a particular shape are also possible, e.g. 
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parabolas can be specified by inputting the coefficients of the 

analytic expression or the beginning and ending slopes.  The 

following indicates the formulae for obtaining the C coordinates 

and the balances of the shock coefficients for all permissible 

combinations of shock shapes. 

a. Region 1 is a cone 

i.  m, Ci , bx = 0 are input 

ii.  Cs = ni Ci 

b. Region N-l is a parabola 

Region N is a parabola - Type 6 

i.  a», , » b„ , , c  , are available 
N-l  N-l  N-l 

V V CN are input 

ii-  Cl (N-l) " Vl + Vl CC8 (N-1)-CN-1]: 

b  n c  ., - b c 
N-l  N-l    N N 

^ bN-l " bN ^ 

c.     Region N-l is a parabola 

Region N is a parabola - Type 7 

i.  a„ , , b„ n, c  .. are available 
N-l   N-l   N-l 

Vi' V CIN are input 
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,  Cl (N-D^-l     "  mN Cl (N) 

N-l N 

2mN(C'lN)-V 
CN - ^ ^-1)   " m^ 

b.. = 
N        4mN^(N)-V 

^(N-l)   =   2bN_1  ^^  +  CN-1 

Cl(N-l)   "   Vl   + Vl(Cs(N-l)   "   C(N-1)) 

cL     Region N-l   is  a parabola 

Region N  is  a  cone 

i«     a»,   T »   bXT  ^ ,   cVT  .   are  available 
N-l       N-l       N-l 

m     is   input 

ii*     C3(N-1)   =  ^b^a^^N-l 

Cl(N-l)   "   Vl   +  Vl   CCs(N-l)   '   CN-1]' 

bN  '   ^ (N-l)        aN  Cl (N-l) 
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e.  Region N-l is a cone 

Region N is a cone 

^  Vl' Vl' Cl (N-l) ^ available 

m„ is ini-ut 
N 

ii.  C: + b 
(N-l)    N-l ^1 (N-l)    (N-l) 

bN   Cs (N-l)   aNCl (N-l) 

C.  Pressure Distribution 

Associated with each body subregion is a distribution 

which is one of 3 possible types: 

1.  p = Pi cos2 — (Newtonian) 

p = 

3.  p = 

X 
P2     +   P3     Rn    +   P4 

P7 

f       2 

X 

iRn)     +PB 
fx] 
[Rn] 

3 

+  Ps 

/ 
X 

^n 

Ps   +  Rn 

where p through p are inputs, 
X 8 
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D.  Input Definitions, Card Formats and Symbols 

SYMBOLS 

*LP2 

NS 

NPSI 

INDSTR 

FNDSSL 

FNDSSH 

IALT 

A,1 

A^ 

As 

B L 
^3 

A3 

A4" 

T 

T 

As 

As 

c(N,l) 

*RESTAR 

DEFINITION 

# ^ pts -f 2 

# species 

print interval density in ^ direction e.g. 
every point, every second point, etc. 

streamline starting point indicator 

lower limit for step size control 

upper limit for step size control 

altitude - in kft 

laminar indicator for momentum equation 

turbulent indicator for momentum equation 

chemistry indicator for equilibrium or non- 
equilibrium calculations (see p.18, Section b) 

laminar indicator for species equation 

turbulent indicator for species equation 

laminar indicator for energy equation 

turbulent indicator for energy equation 

laminar indicator for energy equation 

turbulent indicator for energy equation 

species mass fraction profiles N = 1,2...LP2; 
1 = 1,2,4,5,6 

restart indicator; 1 = original run, 
0 = continuation run 

FORMAT 

I 10 

E 10.3 

1 10 

E 10.3 

f 
E 10,3 
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SYMBOL 

DELTAX 

EPSI 

EPSIU=€ 

DEFINITION 

u 

T 

step size - x direction 

exponent for body radius 

tolerance on velocity for a streamline call 

FORMAT 

E 10.3 

EPSIC=e   tolerance on all species for a streamline call 
c 

EPSIH=€   tolerance on total enthalpy for streamline call 
H 

EPSIT=€   tolerance on temperature iteration 

FH(N)     total enthalpy profile, N = 1/2...LP2 

—Tl 
FK        factor in M 

*CPE       free stream specific heat at constant pressure   E 10.3 

FL characteristic length to dimensionalize 
species production term 

FSHE free stream static enthalpy 

GAMM ratio of specific heat, Cp/Cr 

PE free stream pressure 

RHOE free stream density 

RHOSTG stagnation density 

CE(I) free stream species, I = 1,2...7 

R nose radius 
N 

UINF free stream velocity 

ULOLIM low limit for velocity in streamline 

XS x starting value 

, 
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SYMBOL 

ZlS 

Z2S 

ZlL 

U(N) 

*FA 

FB   > 

FC 

TESTPA 

AB- 

AB- 

AB. 

AB. 

T 

T 

T 

ABg 

ABe 

AB? 

BEi 

T 

DEFINITION 

^i coordinate starting value 

Cs coordinate starting value 

£1 coordinate entire body 

velocity profile, N = 1,2,...LP2 

coefficient for FKPSI in /iT2 

FKPSI = K(N) (see p.8, Section ii) 

test ratio for establishing turbulent viscosity 
model 

law of the wall -        ^ 
dimensional coordinate y 

law of the wake - 
dimensional coordinate, y d e 

laminar viscosity 

eddy viscosity fit 
dimensional coordinate y 

law of the wall - 
streamline coordinate, ^ 

law of the wake - 
streamline coordinate, ^ 

e 

eddy viscosity fit 
streamline coordinate, ^ 

law of the wall -■ 
dimensional coordinate, y * 

FORMAT 

E 10.3 

E 10.3 

E 10.3 

Indicators and 
coefficients for 
invoking turbulent 
viscosity model 
components 
(see p.7, Section 4#b) 
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T 

T 

SYMBOL 

T 
BB2 

T 
BB3 

BB^ 

BBg 

T 
BB6 

T 
BB7 

FLELIN 

FLETIN 

PRALIN 

PRATIN 

SCHLIN 

SCHTIN 

Y(N) 

*INDPRI 

NSR 

JINPUT 

THPER 

Indicators and 
coefficients for 
invoking turbulent 
viscosity model 
components 
(see p.TjSection 4,b) 

DEFINITION 

law of the wake - \ 
dimensional coordinate, y 

laminar viscosity 

eddy viscosity fit 
dimensional coordinate, y 

law of the wall - 
streamline coordinate, ty 

law of the wake - 
streamline coordinate, ^ 

e 

eddy viscosity fit 
streamline coordinate, ^ 

Lewis laminar number 

Lewis turbulent number 

Prandtl laminar number 

Prandtl turbulent number 

Schmidt laminar number 

Schmidt turoulent number 

physical coordinates for input profile 
normal to Dody 

print interval x direction 

# shock regions 

# times to bypass step size control halving 

% to  be used to establish boundary layer 
thickness 

FORMAT 

E 10.3 

E 10.3 

f 
I 10 

E 10.3 
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) 

SYMBOL 

*ASR(N) 

BSR(N) 

CSR{N) J 

Z1R(N) 

Z2R(N) 

INDTYP(N) 

DEFINITION 

.th 
coefficients for N  shock region geometry, 
N = 1, NSR 

J_T_ 

Ci bcundary for N  shock region, N =1, NSR 

th 
Cs boundary for N  shock region, N =1, NSR 

geometric type, N=l, NSR 

INDCOO(N)   end coordinate indicator, N =1, NSR 

INDLAS(N)   last shock region indicator, N =1, NSR 

Note: ASR(N)-INDLAS(N) are repeated for each shock region, 
N =1, NSR 

FORMAT 

E 10.3 

I 3 

I 3 

I 4 

*INDP 

INDR 

INDLR 

INDLSR 

INDS5 

INDS6 

INDS7 

OGIVEH 

OGIVEK 

P(J) 

CC(K,I) 

body subregion pressure type 

body subregion geometric type 

last region indicator 

last subregion indicator 

spare 

spare 

spare 

coordinates of center of body arcs 
or ogives 

coefficients for pressure formulas, J=l,8 

coefficients for species mass fractions 
at wall, K = 1,5; I = l^S-l 

I 10 

E 10.3 



HH(J) coefficients for total enthalpy at wall, J= 1,5 

N 

CONEAN 

body radius 

X cumulative x limit for each subregion 

cone angle 

Note: INDP-CONEAN are repeated for each body subregion 

45 

SYMBOL DEFINITION FORMAT 

Indicates that this field is the first one on the input card, 
and subsequent fields until the next * are continuous through 
column 70 for as many cards as are necessary. 
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V.   PROGRÄM FEATURES 

A.  Step Size Control 

The purpose of step size control is to allow the program 

to run as fast as possible within stability and truncation 

requirements. 

1. St direction 

Whenever the number of ^ intervals becomes twice 

the original input amount (as a result of swallowing) the program 

halves the number of points.  This is of significance since the 

permissible stability control step size in the x direction varies 

with (A^)2. 

2. x direction 

The program takes two single steps and compares 

the velocity, species and enthalpy with the results of a single 

step of double size.  Depending on input limit tolerances, tne 

step size is doubled, unchanged or halved.  However, the step 

size is always subjected to the stability control for maximum 

size. 

If a negative velocity, specie, enthalpy or temper- 

ature has been calculated, or depending on a sense switch being 

on, if a 5% out of monotonicity in u or H develops, the step size 

is halved up to seven times before the program stops.  Provision 

has been made for overriding the halving for JINPUT times, so as 
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to allow zero species to fill in as a result of production and 

of diffusion in the ^ direction.  The above procedure for 

doubling, continuing and halving the step size which applies to 

the boundary layer also applies individually to u and c. in the 

streamline calculations. 

B.  Stability Control 

The expansion of the step size in the x direction which 

is described under "Step Size Control" is subsequently scrutinized 

to insure stability. 

A*"5 

Ax is compared to -— and accordingly as it is less 
2(7 n 

than (or equal to) or greater than, it is accepted or halved. 

€   € L L 
a    = r r p u    Ai u    + Ai 

u mmnnn 

r_T _T 
Mn+l/2   Mn-l/2 

2 

a    = 
H 

c  e 
r  r p  u 

m m n n 

L -T -T 
,L Mn            L ^n+1/2   ^n-1/2     1 
A4  — + A4   ^7—^ ^T 

P P 
r r ■ 

n n 

a    = c r  r p  u 
m m n n 

L        L -T ~T T-i 
L ^n    Dk T  ^n+l/2^n-l/2     1     Dk 

A3   — r + A.    L '  
„L L 
S D 

c n 
n 

^T     „T 
S        D 

c       n' 
n 
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M?             A^2 A*2 
Ax must be ^ the minimum of -—z— , "T—r— , -—z— in order 

2a Tn   2a Tn 2a T, 
u In    H In C In 

to insure stability. 

C. Conversion from Physical to Streamline Coordinates 

i.  The various input profiles are given as functions 

of the physical coordinate Y, which may be unevenly 

spaced.  The number of ^ intervals equals the input 

number of Y intervals and is equal to L - 1. 

2. The streamline coordinate ^ = J pur dy is calcu- 

lated and then equispaced over the thickness. 

3. The corresponding Y's are developed from 

Y = I   F d^ with Y(0) = 0. 
o Pur*1 

4. A table lookup routine is used to linearly inter- 

polate the dependent variables, u, C, H. 

5. The calculated value of Y   is compared with the 
max 

input value of Y _ (see Input, Section IV.D).  If 
max 

the difference is greater than .1% , the following 

on line message is printed:  "YCALC(L) =   Y(L) = 

D. Continuation Procedure 

At any time during the running of the program sense 

switch 4 can be depressed and an on-line punch of the continua- 

tion quantities will occur.  This makes it possible to continue 

the program at a later date. 

When the program is continued with on-line punched cards, 
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RESTAR must be set equal to sero. 

E. Output Control 

Based on the input quantity INDPRI, output at every 

n '  station is obtained and based on NPSI, output at every m 

vl' level.  There is also provision in the streamline calculation 

to obtain output whenever the step size doubles. 

F. Streamline Control 

An initial value or a complete body problem can be 

solved depending on whether we input a 0 or 1 for INDSTR.  Thus 

there are two possible starting points for a streamline calcula- 

tion: 

1. The starting profile at the starting point on the 

body. 

2. The starting profile at the point of intersection 

of the streamtube and the shock. 

In addition, the first option can be additionally modi- 

fied to constant edge conditions, i.e., u  n(L+3) = u , 3 m+1        e 

C.  .-.(L+B) - C  ,, H ,,(Ii+3) = H , by setting INDSTR = - 1. 
i,m+l'       e,i  m+1        e ^ 

G-  Sense Switch Control 

Is available for diagnostic and monitoring purposes and 

can be specifically determined by consulting the source language, 
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H.  Additional Programming Logic 

1.  Momentum equation 

a.  In order to step forward the required p 

is obtained as follows: 

M*) = H(>IO - ^r1 

Using as  our  first  approximation  for  T 

T.(>J0   = 
D D C        /D     +D 

, ^       02 ^       N2 NO       N2     02 
h  -  C      - C      -       '•— -  D 

0  2ni N  2rnT       m„rt 2 NO 
0 N NO   \ 

m. 
'N0+ 

N0+ 

D     +D 
.      N2     02 

NO  ' 2 "■     NOJ 

calculate 

A.   = 

v n 

T 
eVT-X 

and  solve  for T. 
i+1 

h  =  RT 
i+1 

c. 
y, _j. 

M. 
LJ D    \ 

A 1 \       5   _    k 
D 

+   C 
02 

D 

0  l 2m, 
+ C. 

N2 
N     2m 

Nj 

CN0     DN2+D02        n 
CN0+   L DN2+D02        n +       -   D + —      I        +   -   D 

m.._   1 2 NO I m„  +   I   NO 2 NO, 
NO N0n 

j= 0g,N2/N0,N0 

k= 0^,6 

+ 
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if 
T.  -T. 
i+l  1 

T 
i+l 

cycle at A. 

< e  we use T. .. , otherwise continue the iteration 
T        i+l 

b,  p(x) is chosen according to the indicator 

for the snbregion and we compute 

P = 

i   M. 

c. Because the nature of the u profile is not 

^inear in the neighborhood of the wall, u  is 
h 

h obtained by assuming u = a^ + b^ and deter- 

mining a and b from u2 and U3.  The derivative at 

the 1/2 point is obtained by differentiating u. 

d. If a velocity is negative or if both sense switch 

5 is depressed and a 5%  out of monotonicity occurs, 

then the step size is halved and the calculation 

repeated.  If after halving seven times, the 

velocity is still negative, the program stops. 

2.  Species equation 

If a species is negative, the step size is 

halved and the calculation repeated.  If after 

halving the step size seven times, a species is still 
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negative,the program stops,  c, is obtained by 

assuming C = C + a^ + b^ and determine a and b 

from Ca and C3.  The derivative at the 1/2 point 

is obtained by differentiating C. 

3.  Enthalpy equation 

Halving of the step size will result when 

a negative enthalpy occurs. 

If after seven halvings, this condition per- 

sists, the program will halt. 

H, is obtained by assuming H = H + a^ + b^ 
*2 w 

and determine a and b from H2 and H3.  The deriva- 

tive at the 1/2 point is obtained by differentiating 

H. 
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PROGRAM STOP NO. MEANING 

Displayed in 
Address Field of 
Storage Register 

MAIN 17 

77 

C < 0 

Shock geometry is cone followed 
by parabola 

310 A.L'T<o 
1 

650 K  < 1 
s 

2575 

2655 

CEDGE(J) 60 

71 

RADBDY 550 

STEPSZ 603 (Pause) 

LP2 ^ 99 

L > 2 (LORIG) 

J < 1 

C  . or L C  . is in error 
w,i      w,i 

e < 0 

Ax has been halved 7 times 
Additional 7 times can be 
obtained by depressing START 

UCSTRE 21 is not. in any shock region 

HEDGE(J) 30 

50 

J < 1 

J > 3 
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VII.  OPERATING PROCEDURE 

A. Original Run 

Standard 7094 Fortran operating procedure is employed 

with RESTAR = i.OEO.  Prog.ram language is FORTRAN II. 

B. Continuation Run 

Remove subregion parameter cards that were read in 

during previous run.  Insert continuation cards after problem 

input and ahead of remaining subregion cards.  Set RESTAR = 0E0. 

There is present the option of modifying the original 

input or the continuation input by repunching the appropriate 

fields or cards.  It should be noted that the continuation cards 

are necessarily in octal in order to preserve full significance. 
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APPENDIX 1 

DIMENSIONS OF VARIABLES 

The units of the variables which appear in the equations 

are listed below. The conversion constants required for con- 

sistency are indicated. 

A.  Momentum Equation 

1.  The units for the quantities involved are 

lb sec    slugs 
P =    ^4" or  —t— 

u = ft/sec 

1 "Ur- /.CJ-S IDS/ J- L. 

ds lbs/ft , s is nondimensional 

■r*- = lbs/ft3, x is in feet 
dx 

r = lbs/ftJ 

ß = 
lbs sec 

ft2 

I1 = lbs/ft3 
dy 
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It) S SGC 
2.  In order for p to have the units  "j— R should 

ft 

be expressed in the following units: 

lb sec^ =  =   P   .. lb/ft3 

ft*     P       RT LC/M ' „ ,   mole 
gm 

R SHLftf  
K mole sec 

= 8.31657 xlO3 joule (kilogram mole 1) 0K 

1       ft   lbs   .,_„.   _   qm  „„„-.,/       a 
T—rr—  453.6 fr 32.2   ft/sec2 

1.356  joules lb 

= 8.95805 xlCT   v 
qm  ft' 

K (kilogram mole) sec' 

= 8.95805x10* r>— ^^r 
K (gram mole) sec' 

3.  In order for T to have the units 0K the following 

adjustments must be made: 

D 
h - 

02 ft' 
m 

T = 
O    sec" 

ev I 1 

part / gm 
ft' 

sec  K 

2 O T, ov      ev sec  K 
part gm ft 
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Taking the second term 

ev  sec"     K   .,-     6 J2IÜ  o-,   <,     ft 1      ft  lb       1  joules 
part gm fta lb sec2   1.356  joule 6.24xlOX8ev 

=  1726x 10  18    (0K) 

Thus for all ^ terms/ this factor should be used, i.e. 

D --1 H 
- = 1726 xlO m 

B.  Species Equation 

I.  The units for the quantities involved are 

11D SGC 
w = r-z— which is derived from 

ft 

w = pu 

2.     p       should be of the same units as p for Eq. (7a), 

p. 5 of GASL TR-24G.  Hence, 

gm/mole 
DO particle ,-...,     . *    (rt lbs sec) moxe 

qm  ft lb o 
part "^7" K| 

_2m /  1  Ibl  / 1     a,_ r/s 
(ft lbs)3/2 sec3part9^ (453.6 gm] 32.2 

sec/ft 

3.87871xlo-lM_f|=.pDo 

Similarly  for p     ,   p       ,   p J DN       DNO       DE 
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3.  a, y,  K are dimensionless 

4,  A, B# C, K develop as follows (example for A shown below) 

ft 
gm/mole 

1 era 
gm  part sec 

'mole 

lb  sec' 
ft* 

lb  sec' 
ft* 

A  ~ - mole2cm6 sec3lb3 

ft7 gm2 part3 453.6 
gm 
lb 

1     in   1    ft 
.2.54  cm  12  in 

6.0251 xlO23 ^^ 
mole 

4.9778 xlO21   m0le   SeC    I 
part 

5.  D# E# F develop as follows (example for D shown below) 

ft cm3   lb sec2 

gm part sec  ft* 
mole 

»3 

^  mole cm sec lb ._„ _ gm 
D = ——5 — 453.6 :irr 

lt gm part        lb 
1  ft' 

30.48 cm 

i /- r> i r.  i rt~2 mole sec — - 1.6018x10   —:—-— D 
particle 

6.  Equation (9), p. 7 of GASL TR-246 would yield (neglect- 

0, 
mg—) 
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_ .   mole sec , ^  lb sec 
S w. =  7— but 

i    part 4   are required hence 

mole sec   lb sec  QO 0 4:4./  2 c .-.oc-, part „ ,r33 1 .e. 
 T P  TTZ  32.2 ft/sec  6.0251 *—-— x 10  T ft part      ft* mole       L 

w = 1.94008x 1028 7 
L- 

lb sec — 
ft*    a 

7.  In A, B, etc. 
02 
KT 

should be dimensionless.  This can 

be accomplished by setting 

ev 
02 

KT 
particle joules       7   __era 1  

ft  lbs     o„ ft  lb joule  1.6021 xl"13 

K 
K 

ev 
erg 

=   .846389 xlO 1 9 i°02' 
KT 

/ 

C.  Energy Equation 

1.  The units for the quantities involved are; 

H = -ft4 

h, = 
ft' 

1   sec 

D. 
ft' 

Ki   sec 
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FLOW DIAGRAM 
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APPENDIX  4 

SAMPLE   INPUT 

I 



TITLE CARD 
FIRING kANGE BLUNTED CONE 

TITLE CAkO 
NON UNITY FLOW PARAMETERS 

TITLE CAkO 
LAMINAR CHEMISTRY RUN 

LP2       NS NPSI     INOSTR    FNOSSL FNOSSH IALT 
?0         7 I         I     «SE-a    .7SE-I ISO 

AIL                   AIT A2                     AU                   A3T                   A4L A4T 
I.OFO             O.OEO I.OEO           ,I.OEO             O.OEO             I.OEO O.^EO 

A5L                   AST C((»l) C(2fl)           C(3»l) C(4»l) C(5»M 
I.OFO            O.OEO •227ME0 .22570EO     .2M81EO .I798.2EO .I4297E0 

C<6»l)          C{7»|) C(8»n COti)          C(IOH) C( M » I ) C(I2»I) 
.III50F0   •8S382E-I .62ßl6E-l .a3567E-l    .29mOE-l .20P97E-I .I690BF-I 

C(I3»I)        C(l«isl) C(|5»l)_ C(|P;»I)        C(l7»j) C(I8»I) C(I9»I) 
.ia904E-l    .l«aG9E~l .UaS9E-I .UUSqE-l    .U«69E-I ,l4a69E-( .ia469f-l 

C(20»l)        C(l»2) C(2i2) CC3»;>)          C(a»2) C(5»2)/ C(6»?) 
.UaGbE-l    .67227E-3 .33a76E-2 .I0007E-I    .IGa^E-l .7IOU3E-I .IOI7fEO 

C(7»2)    C(8»2) C(9,2J CClOr2)   C(ll»2) C(I2»2) C(I3»?) 
.I27S8F0  .I5I52E0 .I7!85E0 .I87S3EO  .I983IE0 .202I5E0 .204G;E0 

C(I4»2)   C(IS»2) C(IS»2) C(I7»2)   C(!8»2) C{I9»2) C(20»2) 
.205I6E0  .20SI5EO .205I6E0 ^OSISEO  .20SI6E0 .2OSI6E0 .20SlfE0 

CCI»U)    C(2»4) o(3»a) C(4»4)    0(5*4) C(6t4> C(7»tt) 
.I4702E-8 .30977E-7 ^SSSBE-S .34105E-5 . 14424E-4 .35360E-4 .69228E-4 

C(8tU)    C(9>4) C(|0»4) C(llf4)   C(I2*4) C(l3i4) C(I4»4) 
. l26lttE-3 .22343E-3 •37977E-3 •G027UE-3 .734g4E-3 .846S4E-3 .874ft3E-3 

CCI5»4)   C(l6f4) C(I7>4) C(I8»4)   C(l9ta) C( 20»4 ) C(l»5) 
.87aft3E-3 .87483E-3 .87483E-3 .87483E-3 .87483E-3 .87483E-3 .733S6F-2 

C(2»b)    C(3»S) C(4tS) C(5»5)    C(6»5) C(7»5) C(8»5) 
. I3023E-I .I9050E-I .28800E-« .33728E-I .35239E-I .34955E-I .33489F-I 

C(9ib)    C(I0»5) C(ll»5) C(i2»S)   C{I3»5) C(I4»5) C(lS»5) 
.3M03E-I .28245E-I .2S478E-I .242R2E-I .23396E-I .23I95E-I .23I9SE-I 

CCISiS)   C(|7»5) C(I8»5) C(J9»5)   C(20»5) CU»6) C(2»G) 
.23l9bE-l .23I9SE-I .23I95E-I •23I95E-I .23 I95E-I.36 I7SE-11.933 I3E-I 0 

C(3.fe)    C(4»6) C(5»6) C(6t6)    C(7»6) C(8»6) C(9»S) 
.8785ME-9 •I3790E-7 .6IB8IE-7 .I5267E-S .29524E-6 .S230SE-6 .8877IE-6 

CCIOtG)        C(ll»6) C(I2»6) C{I3»6)        CCI4»6) C(I5»6) CtlGsG) 
. I43I2E-5   .2I502E-S •25554E-5 .28882E-5   .297I4E-5 .297I4E-S .297r4E-S 



C(l7i5) C(I8»6) C(l9i6)        CC20»6) 
.297Ue-S .?97l'*E-5 *297l«E-5 .297iaE-5 

RE^JTAR OELTAX             EPS!                EPSIU EPS1C             EPSIH EPSIT 
I.OEO           I.OE-9             I.OEO          0.5E-3 O.OEO           I •OE-*» I.OF-2 

H( I )                 M{ 2 )                 H{ 3 )                 H( a ) H( 5 )                 H{ 6 ) Ht 7 ) 
,2eab6E8 .3I276E8 .36058E8      .45R^0E8 ,55lft2E8 .6«474<lE8 .7430f>E8 

H( ft )                H(9)                H(IO)             H( M ) HCI2)             M( I 3 > H( U ) 
.83fl68Ff .93428E8 I.02985E8 ».I255IE8 I.I7333E8 U2II60E8 1.221I2E8 

H(lb)             H{|6)             h(l7)             H(I8) H(ir)             H( 20 ) FK 
I.22II3F8 l.22iUE8 U22II5E8 l.22li6E8 I.22M6E8 I.22M6E8 .tiEO 

CPE 
.U32F0 

FL 
I.OEO 

FSHE 
I.20096E2 

GAMM 
1 .UEO 

PE 
3.0597E0 

RHOE 
3.5642E-6 

iRHOSTf; 
4.l379r-5 

CE( 1 ) 
.232F0 

CE(2) 
O.OEO 

CE(3) 
.7S8E0 

CE(4 ) 
O.OEO 

CE(5) 
O.Oro 

CEC6) 
< O.OEO 

CE( 7 ) 
O.fiEO 

RN 
.05F0 

UINF 
I5.2E3 

UL0L1M 
IOO.EO 

XS 
.0SI9E0 

zts 
.02806E0 

Z2S 
.Oai305EO 

ZiL 
1 .SEO 

U( T ) 
O.OFO 

U(2) 
.U25I8E3 

U(3) 
.85037E3 

U(4 ) 
. I7007E« 

U(5) 
.255»IE« 

U(6) / 
• 340l4t:4 

U( r ) 

.'425lfE4 

U(8) U(9) U(IO) U( f I ) U(I2) U(i3) U( 14 > 
.5l022Ftt .59525E4 .68029E4 .76533E4 .80785Ea .8ai86E4 .85037E4 

UCI5) U(I6) U(I7) U(I8) U(I9) U( 20 ) 
.85037Ftt .85037E4 .85037E4 •85037E« .85037Ea .85037N 

FA FB FC TESTRA AB.« T AB2T AB3T 
0«aro O.OEO O.OEO 2.0E-J O.OEO O.OEO O.OEO 

ABUT AB57 AB6T AB7T BBIT BB2T BB3T 
O.OFO O.OEO O.OEO O.OEO O.OEO O.OEO O.OEO 

BBUT BB5T B86T BB7T FLELIN FLETIN PRALIK 
O.OFO O.OEO O.OEO O.OEO l.ttEO I.4E0 .7E0 

PRATIN SCHLIN SCHTIN Y( I ) Y(2 I Y(3 ) Y(4 ) 
.7F0 .5E0 ,5E0 O.OEO .R27I6E-4 .MI28E-3 .24304F-3 

Y(5) YC6) Y(7) Y(AJ Y( 9 ) Y( 10 ) Y( M : 
.392i6E-3 .558I2E-3 .74335E-3 .9538BE-3 .I20I5E-2 .I5I23E-2 .I9643F-2 

Y{I2) Y(I3) Y(|4) Y(I5) Y( I 6 ) Y( I 7 ) Y( I 8 ) 
.23!6faE-2 .24369E-2 .25270E-2 •26I7IE-2 .27072E-2 .27973E-2 .28874E-2 

Y( 19 ) YC 20 ) 
.2977&E-2 .30673E-2 

INQOWI NSR J1NPUT THPER 
5 4 20 .99E0 



ASf?( I ) bSR( I ) 
O.OFO     5.3775E0 

ASR(2} BSR(2) 
.609fi2E-3 13.067 

ASR(3) BSR(3) 
9.6|'töE-3      i.6625EI 

K«R(a)    BSR(«) 
.20.76F0.0S96068E0 

INO INO INO 
CSR( 1 1 Z|R( 1 ) Z2R{1)     TYP COO LAS 

O.OEO I.036E-3 I.3880E-2     6 1 0 
INO INO INO 

CSR(2) Z|R(2> Z2R(2)     TYP coo LAS 
•8I680E-2 .042663C0 •rtsaaBBEO    6 1 0 

INO INO INO 
CSR(3) Z 1 R( 3 ) Z2R(3)     TYP coo LAS 

•0203I2EO .3903B0E0 .I68759E0     6 1 0 
INO IND INO 

CSR((i ) Z|R(U ) Z2R(a)     TYP coo LAS 
OEO I.5E0 I.50E0     2 1 1 

INDP INOR INOLR INOLSR IN0S5 INDSB IN0S7 

OGIVEH 
.05341^0 

06IVEK 
O.OEO 

P( 1 ) 
O.OEO 

P<2) 
593.330E0 

P( 3) 
-aiO.J5E0 

P^) 
G.OEO 

PCS) 
O.OEO 

P(5) 
O.OFO 

P{7) 
O.OEO 

P(8) 
O.OEO 

CC( IH ) 
.227«*l€0 

CC(2»I ) 
O.OEO 

CC(3H ) 
O.OEO 

CCU»! ) 
O.CEO 

CC(5»i ) 
O.OFO 

UCi i 12 ) 
.67227E-3 

CC(2»2 ) 
O.OEO 

CC(3»2) 
O.OEO 

cc<4»2) 
O.OEO 

CC(5»2 ) 
O.OEO 

CC( 1 »3) 
.764S7E0 

CC(2t3) 
O.OFO 

CC(3»3 ) 
O.OEO 

cc< a»3) 
O.OEO 

CC(5»3) 
OcOEO 

CC( 1 »4) 
.I4702E-8 

CC(2f4) 
O.OEO 

CCC 3f4 ) 
O.OEO 

CCU»4 ) 
O.OEO 

CC(5»U ) 
O.OEO 

;CC( N5) 
.73356E-2 

CC(2»S) 
O.OEO 

CC( 3»5) 
O.OEO 

CC^4»5^ 
O.OEO 

CC(5f5) 
O.OEO 

CC( 1 16) 
3SI75K-I I 

CC(2»6) 
O.OEO 

CC(3»6) 
O.OEO 

dc( af6) 
O.OEO 

4 

CC{5»b) 
O.OEO 

HH I 
.26496C8 

HH2 
O.OEO 

HH3 
O.OFO 

HH4 
O.OEO 

HH5 
O.OEO 

RN 
.05E0 

XL 
.06I75E0 

CONEAN 
O.OEO 

INOP INOR INOLR INOLSR IN0S5 IN0S6 IN0S7 

OGIVEH OGIVEK PC ! ) PC 2) PC 3) PC 4) PCS) 
.0534F0 O.OEO O.OEO 2I3.56E0 -I02.64E0 O.OEO O.OEO 

PCS) PC 7) PC 8) CCC III ) CCC2t 1 ) CCC3i| ) CCC4> 1 ) 
O.OFO O.OEO O.OEO .2274IE0 G.OEO O.OEO O.OEO 

CCC5»I ) CCC l>2) CCC2t2) CCC3»2) CCC 4»2) CCC 5»2) CCC If3) 
O.OFO .G7227E-3 O.OEO O.OEO O.OEO O.OEO .76457i0 

CC( 2i3) CCC 3»3) CCC4f3) CCC5»3) CCC 1 t4) CCC2»4) CCC 3»4 ) 
O.OFO O.OEO O.OEO O.OEO .I4702E-8 O.OEO O.OEO 

CCC 4i4 ) CCC5»4 ) CCC If 5) CCC 2»5) CCC 3»5 ) CCC4»5 ) CCCSfS ) 

O.OEO O.JEO .73356E-2 O.OEO O.OEO O.OEO o.oi;o 



CC(lt6)       CC(2»6)       CCOtB)       CCCUfS)       CC(5»6) HHI HH2 
36i75£-M O.OEO O.OEO O.OEO O.OEO      .SS^SSES Os0£O 

HH3 
O.OEO 

1NOP 

HH4 
O.OEO 

I NOR 

HH5 
O.OEO 

INOLR 

RN 
• 05E0 

INOLSR 

XL 
.07I7EO 

IN0S5 

CONEAN 
OEO 

IN0S6 INOS7 

OGIVEH 
O.OFO 

P(6) 
OEO 

OGIVEK 
O.OEO 

P(7) 
OEO 

CC(5it ) CC( If2) 
O.OFO .67227E-3 

CC(2f3) CC(3t3) 
O.OEO O.OEO 

CC(UiU) CC(5*U) 
O.OFO O.OEO 

CCC f 16) 
36I75E-II 

HH3 
O.OFO 

INOP 

CC(2*6) 
O.OEO 

HH4 
O.OEO 

I NOR 

P( I ) 
O.OEO 

P(8) 
OEO 

CC(2f2) 
O.OEO 

CC(4>3) 
O.OEO 

CCC I »5) 
.73356E-2 

CCC 3» 6) 
O.OEO 

HH5 
O.OEO 

INOLR 

PC 2) PC 3) PC 4) PCS) 
2I3.56E0 -I02.64E0 OEO OiO 

CCC 1 tJ ) CCC 2» I ) CCC3H ) CCC4f 1 ) 
.2274itu O.OEO O.OEO o.oio 

CCC 3»2) CC(a»2) CCC5»2) CCC 1 »3) 
O.OEO O.OEO O.OEO .7B457liO 

CCC5»3) CCC 1*4) ccc 2»a) CCC3»4) 
O.OEO .I4702E-8 «O.OEO O.OEO 

CCC 2»5) CCC3t5) CCC4*5) CCC5»5) 
O.OEO O.OEO O.OEO O.OEO 

CC(4#S) CCCSfS ) HHI HH2 
O.OEO O.OEO .26496E6 O.OEO 

RN XL CONEAN 
• OSEO .0864EO .1367!    :0 

INOLSR INDS5 IN0S6 INOS7 

OGIVEH 
O.OFO 

OGIVEK 
O.OEO 

PC 1 ) 
O.OEO 

PC 2) 
43.840E0 

PC 3) 
-4.42I3EO 

PC 4) 
O.OEO 

PCS) 
o.o f:o 

PCS) 
O.OFO 

PC 7) 
O.OEO 

PC 8) 
O.OEO 

CCC |»l ) 
.2274IE0 

CCC2H ) 
O.OEO 

CCC3*1 ) 
O.OEO 

CCC4*1) 
O.OEO 

CCC5» 1 ) 
O.OFO 

CCC 1 »2) 
.67227E-3 

CCC2»2) 
O.OEO 

CCC3»2) 
O.OEO 

CCC4»2) 
O.OEO 

CCC5*2) 
O.OEO 

CCC 1*3 ) 
.7S457E:0 

CCC2»3) 
O.OFO 

CCC3»3) 
O.OEO 

CCC4f3) 
O.OEO 

CCC5»3> 
O.OEO 

CCC l»4) 
.»4702E-8 

CCC2*4) 
0*OEO 

CCC 3*4 > 
O.OEIO 

CCCtti4 ) 
O.OFO 

CCC5r4) 
O.OEO 

CCC 1*5) 
.73356E-2 

CCC2tS) 
O.OEO 

CCC 3*5) 
O.OEO 

CCC4*S) 
O.OEO 

CCC5*S » 
O.OEO 

CCC i»6) 
36l75e-l 1 

CCC2»6) 
O.OEO 

CCC3»6 ) 
O.OEO 

CCC4»6 ) 
O.OEO 

CCC5*6) 
O.OEO 

HHI 
.26496E8 

HH2 
O.OEO 

HH3 
O.OEO 

HH4 
O.OEO 

HH5 
O.UEO 

RN 
.OSEO 

XL 
.2877EO 

CONEAN 
.I367I8E0 

L 



App. 4 
PAGE : 

INDP INOR INOLP INOLSR     IN0S5 INOSS INOS7 
2 2 110 0 0 

OGIVE.H 06IVEK P( I ) P( 2 )      P( 3 ) P( 4 ) P( 5 ) 
O.GFO O.OEO O.OEO I9.228E0 -.I3784E0 O.OEO O.OEO 

P{6} P(7) P(8) CC(lfl)   CC(2»I) CC(3t|) CC(4fl) 
O.OFO O.OEO O.OEO •2274IE0     O.OEO O.OEO O.OEO 

CC(5it) CC(I>2) CC(2»2) CC(3i2)   CC(4>2) CC(5»2) CC(I*3) 
O.OEO .67227E-3 O.OEO O.DEO     O.OEO O.OEO .76457E0 

CC(2s3) CC(3»3) CC(4f3) CC(S»3)        CC<I»4) CC(2»4) CC(3fU) 
O.OEO O.OEO O.OEO O.OEO   .I4702E-8 O.OEO O.OED 

CCCUiU) CC(5f4) CC(i»S) CC(2*5)   CC(3»5) CC(4»5) CC(5»5) 
O.OEO O.OEO .73356E-2 O.OEO     O.OEO O.OEO 0.0E3 
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